Abstract: Campomanesia adamantium is an endemic plant of Cerrado biome that has potential for cultivation because its fruits have culinary and medicinal uses. However, genetic diversity studies using molecular markers with Cerrado species are scarce, and the inadequate extractive exploitation of fruits and the expansion of agricultural frontiers may also affect genetic variability. Therefore, studies in this field are of interest as they can provide sources for conservation and breeding programs. In this context, we investigated the genetic diversity of native populations of C. adamantium from different sites and the relationship between genetic variability and the land use and land cover of each site. A total of 207 plants were sampled in seven sites and characterized with seven polymorphic microsatellite markers. The use and coverage of land were mapped based on aerial images, and the land was classified into different categories. The genetic diversity was high in all populations, with low levels of differentiation due to allele sharing, mainly in Mato Grosso do Sul and Paraguay populations. The geographically closest populations were more genetically similar. The use and coverage of land indicated that intense agriculture promotes a significant decrease in genetic variability.
Figure 1. Map showing locations of the populations and the geographic coordinates at various
Campomanesia adamantium sample sites.
Microsatellite Markers
Genomic DNA was extracted from leaf tissue using the CTAB (Cetyl trimethyl ammonium bromide) method [20] , and the DNA was quantified using a DS-11 ® nanophotometer (DeNovix, Wilmington, DE, USA). Seven transferable EST-derived microsatellite markers developed by Grattapaglia et al. [21] for Eucalyptus ssp. (EMBRA 1076 (EMBRA , 1335 (EMBRA , 1363 (EMBRA , 1364 (EMBRA , 1374 (EMBRA , 1470 , and 1811) were amplified by polymerase chain reaction (PCR) according to the conditions described by Miranda et al. [18] . The length of the amplified fragments was determined using an automated sequencer (ABI3500). The alleles were scored against the internal GeneScan-600 (LIZ) size standard kit, and data collection and analysis were performed using GeneMapper 5.0 software (Applied Biosystems, Foster City, CA, USA).
Population Genetics Analysis
Considering the fact that Myrtaceae populations are diploids, the allele frequency was estimated by direct counting. Genetic diversity parameters, including expected heterozygosity (He) and observed heterozygosity (Ho), polymorphic information content (PIC), and Hardy-Weinberg equilibrium (HWE) were estimated using CERVUS 3.0 software [22] . FSTAT software [23] was used to calculate allelic richness and F statistics; p-values were adjusted using the Bonferroni procedure [24] with the same statistical package. Population structure was evaluated by analysis of molecular variance (AMOVA) using the ARLEQUIN program [25] . The dendrogram was constructed by cluster analysis using the neighbor-joining method based on calculations of Reynold's genetic distances and 1000 bootstrap resamplings using poppr [26] and ape [27] R packages (R Development Core Team 2018). The Mantel test was used to evaluate whether there was a positive correlation between the matrix of genetic differentiation between the pairs of populations (FST) and the spatial distance matrix between the populations using ade4 [28] R package. 
Microsatellite Markers
Population Genetics Analysis
Considering the fact that Myrtaceae populations are diploids, the allele frequency was estimated by direct counting. Genetic diversity parameters, including expected heterozygosity (He) and observed heterozygosity (Ho), polymorphic information content (PIC), and Hardy-Weinberg equilibrium (HWE) were estimated using CERVUS 3.0 software [22] . FSTAT software [23] was used to calculate allelic richness and F statistics; p-values were adjusted using the Bonferroni procedure [24] with the same statistical package. Population structure was evaluated by analysis of molecular variance (AMOVA) using the ARLEQUIN program [25] . The dendrogram was constructed by cluster analysis using the neighbor-joining method based on calculations of Reynold's genetic distances and 1000 bootstrap resamplings using poppr [26] and ape [27] R packages (R Development Core Team 2018). The Mantel test was used to evaluate whether there was a positive correlation between the matrix of genetic differentiation between the pairs of populations (F ST ) and the spatial distance matrix between the populations using ade4 [28] R package. The departures from the linkage disequilibrium between pairs of loci with significance set at p < 0.05 were assessed with GENEPOP v. 4.1 [29] and were later adjusted using a sequential Bonferroni correction [24] .
Individuals were grouped into seven populations and assigned using a probabilistic approach into groups inferred by the Bayesian method used in the STRUCTURE software program [30] . The tests were performed using an admixture model in which the allelic frequencies were correlated. To select the appropriate number of inferred populations, several analyses were conducted with K (number of populations inferred) ranging from 2 to 10, with 300,000 interactions (burn-in period of 3000) and three independent replications for each analysis. The real values of K were inferred from the magnitude of ∆K and given as a function of K with the aid of the Structure Harvester program [31] following the model proposed by Evanno et al. [32] .
The software BOTTLENECK version 1.2.02 [33] was used to evaluate the hypothesis of historical reduction in effective population size, which would decrease genetic diversity (bottleneck). Gene diversity was estimated under the two-phase model (TPM)-setting 95% of the single-step stepwise mutation model (SMM) and 5% of the infinite allele model (IAM)-with a variance of 12 among multiple steps, as recommended for microsatellite loci [33] . Based on 1000 replications, one-sided Wilcoxon signed rank tests [34] were performed to evaluate whether the allele frequency distribution deviated significantly from the expected distribution under mutation-drift equilibrium.
Use and Land Cover Analysis
The use and coverage of land was mapped based on aerial images (December 2011) obtained from Google Earth Pro ® software with a pixel size (cell) of 1 m. For the study limit, buffers of 3 km radius were generated around each sampling site (7 sites) considering the pressure exerted by an area of this magnitude on genetic variability. Land use forms were classified as agriculture, forest fragments, forest plantations, exposed soil, water bodies, building areas, pasture land, and secondary vegetation. For the interpretation of the images, a visual classification was performed using the digitalization tools provided by ArcGIS 10.4 ® software in the trial version [35] , which was used to calculate the areas and percentages of each category of land occupation.
Results
The genetic parameters analyzed for the genotyping of seven microsatellite loci of 207 C. adamantium samples belonging to the seven populations are described in Table 1 . We detected 71 alleles and the size of the fragments ranged from 197 to 396 base pairs at the seven loci analyzed. All loci were polymorphic, presenting a mean of 10.14 ± 6.12 alleles per locus. The Embra1364 locus had the highest number of polymorphisms (21 alleles) and Embra1076 had the lowest number of polymorphisms (3 alleles) ( Table 1) . Tests for genotypic linkage disequilibrium confirmed the null hypothesis of the independence of loci pairs (p < 0.01). Considering the genetic analysis performed in this study, the Bonito population presented the highest average number of alleles per locus (6.14) and the highest allelic richness (5.64) compared with the other populations. The Três Ranchos population had the lowest values (4.57 and 4.50, respectively) ( Table 2) . When the populations were analyzed together, all the microsatellite loci were found to be in Hardy-Weinberg equilibrium (HWE) ( Table 2 ). However, when statistical analysis was performed for each population, Jardim had only one marker in equilibrium. The Dourados and Cerro Corá populations had the highest number of markers in equilibrium (4) ( Table 2 ). The inbreeding coefficients (FIS) were low in all populations, and some populations had negative coefficients ( Table 2) .
The matrix of genetic differentiation among populations based on the F ST indices is shown in Table 3 . The highest rates of genetic differentiation (0.111) and geographic distance (645,465) were between the Dourados/MS and Três Ranchos/GO populations. By contrast, the lowest values of genetic differentiation (0.009) and geographic distance (39, 941) were between the Jardim/MS and Bonito/MS populations. Using population differentiation, we identified the populations from Mato Grosso do Sul and Paraguay as genetically more distant than the Goiás population. The Mantel test revealed that the pairwise measurements estimated among populations revealed a positive relationship between geographic distance (km) and genetic distance (rho = 0.467, p = 0.005). AMOVA revealed that the genetic structure among populations was low (F ST = 0.06) but higher within populations, and estimates of differentiation based on F ST were significant (p < 0.001). Neighbor-joining data analysis indicated that the Bonito and Jardim/MS population occupied an intermediate position in relation to other populations. The Três Ranchos and Mineiros populations of Goiás were grouped differently, showing their genetic proximity when compared with other populations. The Goiás population had the greatest distance in relation to other populations (Figure 2 ). Table 4 shows the proportions of each population attributed to the three groups inferred from the STRUCTURE program with minimal variance. As shown in Table 4 , cluster 2 represents the populations of Goiás state, with 97% for Três Ranchos/GO and 96% for Mineiros/GO the correct allocation of its individuals in their respective populations. Cluster 1 represents the populations of Cerro Corá (Paraguay) and Ponta Porã, with correct allocation ratios of 56% and 57%, respectively. The Dourados population is the only allocation in cluster 3 (57%) with statistical significance (p < 0.05). Table 4 shows the proportions of each population attributed to the three groups inferred from the STRUCTURE program with minimal variance. As shown in Table 4 , cluster 2 represents the populations of Goiás state, with 97% for Três Ranchos/GO and 96% for Mineiros/GO the correct allocation of its individuals in their respective populations. Cluster 1 represents the populations of Cerro Corá (Paraguay) and Ponta Porã, with correct allocation ratios of 56% and 57%, respectively. The Dourados population is the only allocation in cluster 3 (57%) with statistical significance (p < 0.05). The genetic structure of the populations was analyzed using Bayesian statistics with the STRUCTURE program. The grouping of k = 3 ( Figure 3 ) corresponds to the real k according to the methodology proposed by Evanno et al. [32] ; in cases where there were complex patterns of admixture for all populations, the Mato Grosso do Sul and Paraguay populations were analyzed. The figure shows the similarity between the populations of Três Ranchos and Mineiros from Goiás. In spite of having a lower proportion than the other groups, the Mato Grosso do Sul and Paraguay populations seem to share the same genetic pool and the occurrence of admixture is visible within these populations.
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The genetic structure of the populations was analyzed using Bayesian statistics with the STRUCTURE program. The grouping of k = 3 ( Figure 3 ) corresponds to the real k according to the methodology proposed by Evanno et al. [32] ; in cases where there were complex patterns of admixture for all populations, the Mato Grosso do Sul and Paraguay populations were analyzed. The figure shows the similarity between the populations of Três Ranchos and Mineiros from Goiás. In spite of having a lower proportion than the other groups, the Mato Grosso do Sul and Paraguay populations seem to share the same genetic pool and the occurrence of admixture is visible within these populations. The analysis of the use and coverage of land was shown in Figure 4 . Based on the results, the populations of Dourados and Ponta Porã/MS presented the highest values of areas with agriculture.
The analyses of reductions in population size using SMM did not detect bottlenecks in the all populations analyzed. However, bottleneck effects were observed in Ponta Pora/MS population when TPM was used (p < 0.01, Table 5 ). The analyses of reductions in population size using SMM did not detect bottlenecks in the all populations analyzed. However, bottleneck effects were observed in Ponta Pora/MS population when TPM was used (p < 0.01, Table 5 ). 
Discussion
The number of alleles obtained for the seven loci analyzed was higher than the number obtained by Miranda et al. [18] , which used the same markers obtaining an average of seven alleles per locus in two populations of C. adamantium in the state of Goiás. The higher average number of alleles (10.14) ( Table 1) found in our study can be explained by several factors, such as differences in the sample number between the two experiments. Miranda et al. [18] tested the markers in only two populations of the same state using 40 individuals; our study was carried out on six populations in Brazil in two different states (Mato Grosso do Sul and Goiás) and a population of Cerro Corá located in a Natural Reserve in Paraguay. The discrepancy in variability among the results may be related to differential selective pressure that can occur in each of the environments (agricultural areas, pasture, or national park). 
The number of alleles obtained for the seven loci analyzed was higher than the number obtained by Miranda et al. [18] , which used the same markers obtaining an average of seven alleles per locus in two populations of C. adamantium in the state of Goiás. The higher average number of alleles (10.14) ( Table 1) found in our study can be explained by several factors, such as differences in the sample number between the two experiments. Miranda et al. [18] tested the markers in only two populations of the same state using 40 individuals; our study was carried out on six populations in Brazil in two different states (Mato Grosso do Sul and Goiás) and a population of Cerro Corá located in a Natural Reserve in Paraguay. The discrepancy in variability among the results may be related to differential selective pressure that can occur in each of the environments (agricultural areas, pasture, or national park).
The high genetic variability in C. adamantium has been revealed in other studies. For example, Miranda et al. [18] observed high genetic diversity in two populations from Goiás (Ho = 0.50). However, in that research, the results were low compared to the present study (Ho = 0.61). The high genetic diversity of guavira was also detected by Assis et al. [17] , who verified high rates of polymorphisms in populations from Goiás using random amplified polymorphic DNA (RAPD) markers. In addition, the results of high genetic variability found by applying molecular markers corroborated the high phenotypic variability already found in guavira in studies that used biometrics [5] [6] [7] [8] .
The Bonito, Cerro Corá, and Jardim populations displayed great allelic richness when compared with the other populations ( Table 2) . This is possibly due to the higher number of individuals and the lower levels of agriculture in the surroundings areas (Figure 4 ). These sites are also centers of Diversity 2018, 10, 106 9 of 13 ecological tourism in the state of Mato Grosso do Sul. Environmental education has led the residents to conserve this native species in this biome because the fruits are widely consumed by them.
The Dourados, Ponta Porã, Três Ranchos, and Mineiros populations had the lowest values of allelic richness according to the number of alleles per locus. This fact can possibly be explained by the loss of alleles due to genetic drift caused by anthropic action and low numbers of individuals-the population Três Rachos and Mineiros is surrounded by areas of exposed soil, while Dourados and Ponta Porã are located in a region with higher level of agricultural activities (Figure 4) . Anthropic action and the increasing expansion of farming have caused a loss of habitat that may have reduced the size of the population [36] . The constant use of pesticides has contributed to a decline in diversity and the number of insect pollinators, such as bees which are the main pollinator of this species [37] [38] [39] [40] . These factors may also have contributed to the decrease in the genetic diversity in populations of C. adamantium with higher levels of human disturbance and agriculture in their surroundings.
The population of Ponta Porã is experiencing recent bottlenecks (Table 5) due to the higher level of agricultural activities in the surrounding areas (Figure 4 ). The TPM model is more suitable for the analysis of microsatellite loci as it incorporates SMM but takes wide variation in the magnitude of mutations into account by considering the fact that some mutations involve more than one repeat unit [41] . In our recent return to this site, we saw a decrease in the number of individuals, which indicates this population may be at risk of extinction.
The dendrogram (Figure 2 ) and the matrix (Table 3 ) reveals that geographically close populations were more closely related genetically, as demonstrated by the populations from Goiás and the other populations from Mato Grosso do Sul and Paraguay. This fact can be explained by the sharing of alleles providing higher genetic similarity (Table 3) and closeness, as indicated in the dendrogram produced using the neighbor-joining method (Figure 3) . The Jardim and Bonito were positioned among the other populations (CC/PP/DO and MI/TR) in the dendrogram, which may indicate admixture with all populations analyzed. Geographic distance among the populations directly affected gene flow, demonstrating the so-called "isolation by distance" [42] .
The results of AMOVA showed that variation among populations was lower [43] and significant, according to the fixation index (F ST = 0.06). Based on this criterion, it is possible to infer that the populations may be considered genetically similar. Therefore, the populations of Goiás differed from the other populations, but the populations of MS and Paraguay displayed admixture ( Figure 1 and Table 3 ).
In general, the genetic distance among the populations was directly proportional to their geographic distance; this may be related to the difficulty of allele sharing [36, 44, 45] . Thus, both genetic proximity results can be correlated to the geographic proximity of the populations (Table 3) because the populations of Mato Grosso do Sul and Paraguay, owing to their proximity, were genetically close. Bonito and Jardim are closer to each other (39 km), while the populations of Dourados and Bonito are more distant (193 km). The populations of Goiás were also close to each other, representing a clade that was distinct from the other populations.
The number of populations, as well as the population structure generated by the STRUCTURE program (Figure 3 ), also confirmed a degree of admixture within the populations of Mato Grosso do Sul and Paraguay and that the Goiás populations were genetically distinct. Although a sharing of alleles with other populations is inferred, more studies are necessary to confirm this, including using a greater number of markers because the use of transferable markers may not have provided a true picture of the genetic diversity in the populations analyzed. The present study is the first to characterize populations of C. adamantium from different sites in the Cerrado biome using microsatellites markers.
Considering the fact that genetic variability among populations of C. adamantium demonstrates a pattern of differentiation apparently correlated with geographical distance, this genetic flow might correspond to differences in population structure. The high density, frequency, and distribution of these species in the environment are also characteristics that support these models of gene flow [4] . Thus, the way in which the land is used is an important factor for genetic variability. For instance, Diversity 2018, 10, 106 10 of 13 intense agriculture causes a significant decrease in genetic variability. In a study carried out with Trillium grandiflorum, Vellend et al. [19] observed that populations collected in secondary forest area derived from abandoned agricultural fields showed a decrease in genetic diversity when compared with primary forests. Other studies have reported that the intensification of agricultural areas leads to the loss of biodiversity [46] [47] [48] and hence a decrease in genetic variability.
The high genetic diversity found in the C. adamantium populations in this and other studies shows the importance of in situ conservation of this species in the Cerrado biome. It also highlights the need for conservation of populations owing to the possible existence of private or unique alleles. The knowledge of the genetic groups formed based on the genetic variants associated with the influence of geographic distance and the use and coverage of land have implications for evolutionary biology, ecology, and the conservation of the species.
The existence of low interpopulation differentiation, gene flow patterns related to the geographical distance, and the high phenotypic variability reported in other studies [6, 8, 9 ] may be correlated with the high genetic variability revealed at the molecular level in this study. Thus, correlation studies between phenotypic characteristics of interest and genetic variations detected by molecular markers can be performed to aid in the selection of superior genotypes. In addition, the populations investigated in this study constitute useful variability reserves for C. adamantium breeding programs.
Conclusions
The genetic diversity was high in all populations, with low levels of differentiation due to allele sharing mainly in the populations of Mato Grosso do Sul and Paraguay. The geographically closest populations were more genetically similar. The genetic groups formed based on the genetic variants were related to the geographic distance and the use and coverage of land, indicating that intense agriculture promotes a significant decrease in genetic variability. The in situ and ex situ conservation from guavira populations will help prevent the loss of genetic diversity. This is of extreme importance for the survival of guavira and can improve the selection of superior genotypes for the breeding of this promising species in the Cerrado biome. 
